Here we explore the potential power of denaturation mapping as a single-molecule technique. By partially denaturing YOYO®-1-labeled DNA in nanofluidic channels with a combination of formamide and local heating, we obtain a sequence-dependent "barcode" corresponding to a series of local dips and peaks in the intensity trace along the extended molecule. We demonstrate that this structure arises from the physics of local denaturation: statistical mechanical calculations of sequence-dependent melting probability can predict the barcode to be observed experimentally for a given sequence. Consequently, the technique is sensitive to sequence variation without requiring enzymatic labeling or a restriction step. This technique may serve as the basis for a new mapping technology ideally suited for investigating the long-range structure of entire genomes extracted from single cells.
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DNA barcoding | DNA denaturation | DNA optical mapping | nanochannel N anofabrication technology, developed originally for the integrated circuit industry, has over the past decade been increasingly applied to build small-scale fluidic devices, giving rise to a science of "nanofluidics." Nanofluidics aims to exploit the ability of nanoscale devices to manipulate and analyze single molecules (1) . Single-molecule analysis devices obviate the need for cloning and molecular amplification steps and will enable researchers to detect phenomena that in the past would have been obscured by ensemble averaging. In particular, nanofluidics aims to develop on-chip methods for rapidly and cheaply reading out sequence information from single large intact DNA molecules (hundreds of kbp long), with the ultimate goal of directly analyzing single genomes extracted from single cells. For example, such a single-molecule analysis capability could potentially be used to characterize the extent and dynamics of genetic heterogeneity, i.e., local variation of genotype among a population of cells from the same bacterial strain/tissue. In particular, substantial genetic heterogeneity can be present in bacterial colonies (biofilms) (2) and cancer (3) , reflecting local adaptations of the cells to varying conditions within the evolving biofilm/tumor (e.g., oxygen and nutrient level). Genetic heterogeneity in these systems is believed to be a crucial factor in determining resistance to therapy.
At the heart of our device are nanochannel structures in which DNA molecules spontaneously stretch out (4-7), creating an extension of the molecule along the channel linear with molecule contour length (6) . Nanochannel arrays interfaced with microfluidic loading channels serve as a highly parallel platform for performing physical mapping of DNA (5). Nano-confinementbased stretching does not require complicated setups or additional microfluidic plumbing to create an external stretching force, enabling easy automation, rapid acquisition of high statistics, and, eventually, savings for commercial realizations of the technique.
Nanochannel stretching of DNA can be combined with denaturation mapping and fluorescence microscopy to create a singlemolecule optical barcoding technique. DNA can be melted, i.e., denatured from a double-stranded to a single-stranded form, by increasing temperature or adjusting solution chemistry (8, 9) . Regions of the molecule rich in A's and T's will melt at lower temperature than regions rich in G's and C's. Consequently, at certain temperatures the molecule will have ds regions interspersed with ss regions. This pattern of partial melting reveals the underlying sequence in a coarse-grained manner, limited fundamentally by the average size of the "cooperatively melting regions" (typically ∼100 0 s bp) If the DNA is uniformly stained with a dye that unbinds when the DNA melts, local fluorescence of the melted region will decrease. Thus, the partial melting will create a grayscale barcode consisting of brighter and darker regions along the nanochannelextended molecule. This barcode is unique to the sequence of the specific DNA molecule analyzed. The strength of this concept lies in the simplicity and robustness with which it can detect sequence variation along long (∼100 kbp) DNA molecules to a resolution limited by optical diffraction to around 1 kbp. In contrast to earlier barcoding methods, which are based on restriction mapping (5), protein-nucleic acid labeling of the chain (10), or labeling through single-stranded nicks filled in with fluorescent nucleotides (4), our method requires no enzymatic pretreatments of the DNA, only an easily applied generic stain.
Our method is also distinct from currently existing DNA melting analysis techniques. Melting analysis has historically been performed by measuring the UV absorption of a DNA sample as temperature is increased (8, 9) . For DNA in the 1-to 100-kbp range, the differential melting curve contains structure relating to the cooperative melting of sequence domains of varying GC content. In contrast, our technique can directly map the spatial position of these domains along an extended single DNA molecule. A second technique, denaturating gradient gel electrophoresis (DGGE), involves electrophoresis of DNA on a gel containing a gradient of a chemical denaturant. The DNA mobility will decrease during partial melting enabling separation of fragments identical in size but varying in sequence composition (11) . In contrast to our technique, DGGE compares the melting temperature of different DNA fragments present in a sample: DGGE does not map spatial variation of melting along single molecules.
Results and Discussion
The denaturation mapping experiments were performed with fused silica nanochannel devices fabricated in a clean-room facility via a standard process combining electron beam and photo lithography (see SI Text). The devices were mounted in a chuck allowing for pressure-actuated DNA transport, heating of the device, and simultaneous optical imaging in an inverted optical microscope setup (see Fig. 1 A-F for experimental setup and device design). Formamide-a well-known DNA denaturant (12, 13)-was added to the running buffer to reduce the DNA melting temperature to a range accessible via optical microscopy. Formamide reduces DNA melting temperature via a simple empirical relationship: ΔT m ¼ −0.62F°C, where F is the percentage of formamide by volume (12) . In order to minimize the heating required, we have used solutions of 50% formamide to reduce the melting temperature to just a few degrees above room temperature.
The chip is wetted in formamide-containing buffer and applied pressure is used to bring fluorescently labeled DNA molecules from the microchannel into the nanochannel/nanogrooves (see SI Text for description of DNA labeling protocol and buffer chemistry). In order to increase the number of molecules available for analysis in a single field of view, we have developed a strategy for concentrating DNA in the nanogroove arrays after initial loading (see SI Text, Fig. S1 , and Movie S1). Equally distributed pressure is applied to the four reservoirs adjoining the nanochannels to symmetrically bring DNA from the nanochannels into the nanogrooves. As the nanogrooves are deeper than the surrounding slit, at sufficiently low pressures the molecules will be trapped and accumulate in the nanogrooves. After concentration, the molecules are imaged in the nanogrooves and then ejected. This protocol (load, concentrate, image, and eject) is an efficient way to consistently maximize the number of molecules imaged at a fixed device location, lending itself to easy iteration and auto- The chuck was designed so that pneumatic pressure could be applied to bring fresh DNA into the nanoslit from the loading channels. In addition, the chuck was designed with a built-in "hot plate" so that the chip could be heated during experiments. A cartridge heater (Omega) was inserted into a cylindrical aluminum insert that was then gently pressed against the chip's back surface. In order to monitor the temperature in situ, a thermocouple was threaded through the insert and placed in a hole drilled halfway through the silica sample. (This hole was located 2 mm away from the nanogroove region.) The hot-plate surface was painted with thermally conductive grease (Omegatherm) to enhance heat transfer. Thermocouple measurements of the chip surface temperature show that the measured thermal difference across the chip is comparable to the expected absolute accuracy of our thermocouple readings (∼1-2°C). The fluctuations in thermocouple readings are ∼0.1°C. mation. Movies of nanochannel-extended molecules are obtained during the image acquisition phase of device operation (Fig. 1G) . When the device temperature is elevated, the molecules exhibit characteristic banding patterns, a "barcode," clearly visible when the intensity data are plotted as time traces (Fig. 1H ). Thermal fluctuations in contour density and center-of-mass diffusion create visible distortions of the raw barcodes. In order to remove these distortions, we use an analysis procedure that aligns the center of mass in time and "smoothes out" internal density fluctuations (Fig. 1I, SI Text, and Fig. S2 A and B) . The corrected traces are then averaged to create a single-molecule intensity profile (Fig. 1I) . In order to compare and average the intensity profiles for an ensemble of molecules, we use an algorithm to systematically align the individual profiles (SI Text and Fig. S2 C-E ). The aligned profiles are then averaged to create "consensus barcode profiles."
As a proof of principle demonstration of our technique we have applied our methodology to four DNA sequences, λ-phage, T7, T4GT7, and a BAC construct from chromosome 12 (RP11- (Fig. 2) give rise to distinct barcode profiles with characteristic temperature dependence. The λ-phage DNA develops a single central dip with a satellite dip that grows as the temperature is increased. The T7-phage sequence develops a three-dip structure. The profiles are distinct and can easily be distinguished, even for single molecules side by side in the nanochannels (Fig. 2F) . The T4GT7 profiles can be aligned, but it is clear that they must be shifted relative to each other in order to achieve alignment: The barcode appears to be circularly permutated between molecules (Fig. 3F ). This agrees with the classic result of phage genetics that T4 has a linear, but circularly permutated, genome (14) . The circularly permutated T4GT7 sequence is an excellent test of our alignment procedure: We can align the permutated T4GT7 barcodes to construct a circular consensus melting map (Fig. 3 A and B) . In a second test of our alignment procedure, the RP11-125C7 construct was run in the devices prior to linearization of its plasmid structure. While circular DNA cannot be easily mapped, a certain fraction of the circular BACs will break during chip loading. These linearized BACs were then aligned and converted into a circular map ( Fig. 3 C and D) . In addition, the ability to align the barcodes of different molecules allows for relaxation of the requirement of DNA monodispersity. DNA fragments can be aligned to positions on overlapping molecules via the barcodes without a priori knowledge of their size and sequence position (Fig. S2 C-E) .
The observed barcode structure in the DNA fluorescence profile is consistent with the presence of local denaturation. Computer algorithms exist, based on the Poland-Scheraga model (8, 9) , which can predict the sequence-dependent melting probability of dsDNA p ds ðsÞ for a particular temperature and salt concentration (15) . These codes use as inputs the measured enthalpies and entropies of the 10 independent base-pair duplexes (16) , resulting from a combination of hydrogen bonding between bases and stacking interactions between nearest-neighbor base pairs. In addition, the codes contain a description of polymer looping energetics to correctly distinguish between internally melted regions (bubbles) and melted end segments (17) .
These calculated melting probabilities can be transformed into an expected fluorescence profile (Fig. 4A) . We argue that an approximate average sequence-dependent intensity IðsÞ and extension rðsÞ along the channel can be obtained from IðsÞ ¼ I ds p ds ðsÞ þ I ss Ã ½1 − p ds ðsÞ; [1] rðsÞ ¼ r ds p ds ðsÞ þ r ss Ã ½1 − p ds ðsÞ:
The quantity I ds is the intensity of the double-stranded regions, I ss the intensity of single-stranded regions, r ds is the average extension per base pair of dsDNA along the channel, and r ss is the average extension per base pair of ssDNA. The intensity profile IðrÞ obtained from this calculation is our theory for the emitted intensity. The observed intensity is the emitted intensity convoluted with the point-spread function of the microscope objective. We approximate the latter with a Gaussian with standard deviation σ ∼ 200 nm. The results of this calculation for the example case of λ-DNA, using the algorithm developed by Hovig and coworkers (15) , are shown in Fig. 4A . The melting-probability calculation uses as inputs the 10 independent enthalpies and entropies of the stacked and paired base-pair duplexes measured by Blake and
Delcourt (16) with the loop entropy weight suggested by Blossey and Carlon (17) . The computed profiles clearly reproduce qualitatively the structure and temperature dependence evident in the λ-DNA consensus profiles. The theoretical profiles can be directly fitted to the experimental data upon appropriate specification of I ds , I ss , r ds , r ss , and σ. The results of the fitting procedure for λ-DNA and T7 DNA are shown in Fig. 2 . Using the barcode alignment technique, circularly permutated sequences can also be aligned to an estimated theoretical barcode -see Fig. 4 C and D-enabling us to compare the T4GT7 and BAC construct data to theory and calibrate the x axis in units of kbp referenced to a known position on the true sequence (see SI Text). The theoretical profiles convincingly capture the structure of the experimental barcodes, suggesting that the alignment procedure is effective. For example, we are able to map the position of the 11.6-kbp vector sequence, which results in the strong central peak, due to its relatively higher GC content (47.4%, compared to 37% on RP11-125C7).
The key fitting parameters are the ratio of the ssDNA to dsDNA extension, r ss ∕r ds , and the ratio of the intensities, I ss ∕I ds . We expect that r ss ∕r ds < 1 because ssDNA is more flexible than dsDNA. At the ionic strength of 5 mM used in the experiment, the persistence length of dsDNA P ds lies in the range of 60-80 nm (18, 19) and the persistence length of ssDNA P ss ¼ 6 AE 2 nm (20) . The extension of DNA in a nanochannel is r ∼ P 1∕3 , so a crude estimate is that r ss ∕r ds ∼ ðP ss ∕P ds Þ 1∕3 ∼ 0.4-0.5. In fact, we have found in solutions of 50% formamide that the best fits are obtained with r ss ∕r ds ∼ 0.7-0.9. This result is plausible as formamide is known to extend ssDNA, a fact well established from early electron microscopy studies (21) . For definiteness, in the theoretical calculations we have fixed r ss ∕r ds ¼ 0.85, the average value obtained from the λ-phage fits.
Least-squares fitting yields values of I ss consistent with zero. Consequently, we have fixed I ss ¼ 0 for all the plots shown. Physically, this implies that the stain completely leaves the melted regions of the molecule. While it is known that the ratio of the ssDNA and dsDNA quantum yields in bulk is 0.66 (22) , it is likely that electrostatic dye-silica surface interactions might promote the loss of stain from single-stranded regions of the molecule (we have, in fact, observed stain binding to the nanochannel surface during the melting cycle). From an application point of view, this implies that the contrast between the melted and nonmelted regions is significantly higher than expected from the bulk fluorescence ratios. It is convenient to define the probability plots as a function of the helicity (total percentage of paired bases, i.e., DNA not melted). Best-fit helicities from the profiles can then be compared to theoretical estimations of the expected helicity at the experimental temperature, ionic strength, and formamide concentration (Fig. 4E) . The deviations from theory observed (<3°C) likely arise from complexities of the buffer composition not taken into account in the model, such as beta-mercaptoethanol, the O 2 scavenging system components, and possible effects of the fluorescent stain used (YOYO®-1) on the duplex enthalpies and melting temperatures. In addition, the melting-probability calculations do not take into account how confinement might modify the polymer looping statistics, an effect that would be worthwhile clarifying in future theoretical studies of DNA melting.
Conclusion
The denaturation mapping technique could have a number of important implications for the field of single-molecule genomic DNA analysis. As a final demonstration of the technique, we show that it is feasible to align experimental melting barcodes within a denaturation map calculated from the full sequence of human chromosome 12 (23) (Fig. 5) . The true location of RP11-125C7, determined from comparison to the human reference sequence for chromosome 12 (130 Mbp) , is between 81,654,422 and 81,806,391. Using an automatic least-squares alignment procedure (see SI Text), the BAC was positioned from site 81,655,000 to 81,807,000 with a 1-sigma error ∼1 kbp. Note that the alignment is not sensitive to exact knowledge of the temperature as the experimental profile is compared to denaturation maps calculated for a range of temperatures (and the best fitting temperature and sequence position found in a single search). This procedure suggests that it may be possible to identify the global genomic position of a DNA fragment based on measuring the fragment's denaturation profile. Moreover, this example-taken together with our ability to align circularly permutated DNA sequences-suggests that it may be possible to construct genome-wide physical maps based on identifying and aligning the barcodes of overlapping DNA fragments.
In terms of future potential applications, the key advantage of the denaturation mapping technique is the ease with which it can detect long-range sequence variation along single DNA molecules. Because the technique does not necessitate DNA fragmentation, large-scale organization of the genome is left intact and observed intact. For example, the melting profiles of a nonsequenced genome may provide a scaffold for ordering sequence contigs assembled via the shotgun approach (24) . Typically, a first round of shotgun sequencing of a genome results in hundreds to thousands of contigs, which could be turned into hypothesized melting profiles via the bioinformatics methodology and compared to the experimental fluorescence trace. In addition, the melting barcode could be used to identify the global binding position in the genome of additional sequence-specific markers for genome-wide haplotyping. Finally, we suggest that no fundamental obstacle exists to measuring barcodes along extremely long DNA molecules stretched in the channels, e.g., mega-base pairs in size. Undulating channels could be used to display such large molecules across a single field of view. While fragmentation of long molecules is a challenge (6), techniques designed to solve this difficulty are being developed, such as direct gradual funneling of nanochannels (25) and on-chip lysis of cells (26) with direct extraction of chromosomes into nanochannels. In the future, coupling such techniques with the denaturation mapping methodology might enable direct single cell genome mapping, whereby the genomes of individual cells in large populations could be rapidly screened to identify disease-related structural variants and as a precursor to targeted sequencing. 
